Brain disorders such as epilepsy is a condition that affects an estimated 2.7 million Americans, 50,000,000 worldwide, approximately 200,000 new cases of epilepsy are diagnosed each year. Of the major chronic medical conditions, epilepsy is among the least understood. Scientists are conducting research to determine appropriate treatments, such as the use of drugs, vagus nerve stimulation, brain stimulation, and Peltier chip-based focal cooling. However, brain stimulation and Peltier chip-based stimulation processes cannot effectively stop seizures. This paper presents simulation of a novel heat enchanger network(HEN) technique designed to stop seizures by using a neural cooling probe to stop focal and spontaneous seizures by cooling the brain. The designed probe was composed of a U-shaped tube through which cold fluid flowed in order to reduce the temperature of the brain. The simulation results demonstrated that the neural probe could cool a 7 mm 2 area of the brain when the fluid was flowing atb a velocity of 0.55 m/s. It also showed that the neural cooling probe required 23 % less energy to produce cooling when compared to the Peltier chip-based cooling system.
INTRODUCTION
Many diseases are associated with the brain, such as Parkinson's disease, dystonia, chronic pain, and epilepsy. In North America, the reported epilepsy incidence is approximately 50/100,000 per year [1] . Epilepsy is a condition that is characterized by abnormal electrical activities in the brain. Many epileptics experience seizures during which they convulse, sometimes violently, before losing consciousness. These seizures are caused by an "electrical storm" of abnormal neuronal activities that spreads from the locus(or point of origin) to adjacent tissue.
Doctors are seeking different ways to cure epilepsy. It can sometimes be treated by drugs or by delivering an electrical stimulus to the brain. For electrical stimulation, electrodes are implanted into the brain. The problem with such stimulation is that there is direct contact of the electrical circuit with the brain. The amount of stimulation required to stop epilepsy is still unknown. Its treatment effect is limited to decreasing electrical activity in the brain [2] . In epilepsy, brain temperature is raised above normal temperature. The electrical stimulus also causes a rise in temperature that can produce health hazards in the epileptic condition [3] , so there is still a need to find an effective method to stop epileptic seizures. Since the discovery that all electrical activity of the brain stops when its temperature decreases below 20 °C [4] , scientists have been attempting to find effective ways to cure epilepsy by creating a hypothermic condition in the brain.
L. Zhu et al. described a simulation of a method to treat brain injury using hypothermia [5] . They reduced the temperature of the head to 0 °C to determine whether the brain can be cooled in this way. The drawbacks of the system are that thermal energy could not reach below 17 mm of brain depth, it only stop epileptic seizures on the upper surface of the brain. Ice packs were used outside the brain, which occupied a large amount of space and could not be used as a portable system. They did not mention the amount of heat dissipation required to cure epilepsy.
G. Reynaldo et al. described a heat transfer model Zia Mohy-Ud-Din Sang Hyo Woo Wei Qun Jee Hyum Kim Jin Ho Cho designed to simulate a focal cooling process to suppress spontaneous epilepsy activities [6] . An inconvenient aspect of the system was that it consumed approximately -13,000 Joules in order to reduce the temperature below 24 °C. No mention was made of which type of cooling sensors had been used to achieve this target. Yang et al. and H. Imoto et al. implemented a systems designed to terminate the neocortical seizure process using focal cooling in rats [7, 8] . They placed a Peltier sensor on the brain after performing a craniotomy. They illustrated that the brain cooling process was an effective method to completely stop a seizure within 5 seconds. Yang's system was rather large, utilizing a 7 mm x 7 mm Peltier sensor. The sensor cannot be implanted into the brain, and the system lacked a heat sink. The H. Imoto et al. system was the size of the Peltier sensor(9 mm x 6.5 mm), and the sensor also could not be implanted into the brain. They placed cold water on the back of the Peltier sensor as a heat sink and held the water at a constant temperature of 37 °C.
This paper describes the simulation of a controlled water flow-based neural cooling probe used to stop focal and spontaneous(depending on the probe placement) seizures in any area of the brain. The neural cooling probe was composed of a U-shaped tube through which cold water would flow in order to reduce brain temperature. The simulation results demonstrated that a neural probe could effectively control focal and spontaneous epilepsy.
DESIGN

1 Basic principles of the controlled fluid flowbased neural cooling probe
Fig . 1 illustrates the block diagram of the neural cooling probe. The probe was assumed to be positioned in the epileptic area of the brain. As the seizure occurred, the neural probe would decrease the temperature around the probe. The neural probe was a parabolically shaped structure, and water flowed through it. The water inside the neural probe was 10 °C. A Peltier sensor was placed outside the brain in order to maintain the temperature of the water. A liquid pump was placed outside of the brain in order to control the water flow. The main objective of the investigation was to control the cooling of an area of the brain by controlling both the amount as well as the flowrate of water in the tube.
2 Mathematical formulation of heat transfer
Unlike a pure conductive medium, the heat transport process in brain tissues is difficult to model, because the convective effects of blood flow are not readily assessed. Blood vessels are present in such a large number, and have such a complicated geometry, that it was not practical to develop a comprehensive model that included the effects of all thermally significant vessels in the tissue. Existing models of heat transport in tissues include continuum models, in which heat and mass transport effects are averaged over the representative control volume.
One of the widely used continuum models was proposed by Pennes [9] and was calculated as where k t , , , , T a , T, q m , and P represented the thermal conductivity of tissue, blood density, specific heat of blood, local blood perfusion rate, temperature of the arteries, temperature of the brain at any particular instant, local metabolic heat generation rate, and energy dissipation, respectively. This equation was originally a modified form of the partial differential equation of heat conduction. Many scientists have questioned the validity of the Pennes equation since 1980, but it has been successfully applied to bio-heat transfer analysis as an analytical tool. This equation was also used in the analysis of brain hypothermia as well as temperature distributions within the brain. Some scientists have used this equation for obtaining polar coordinates, which could also be derived from the heat equation in cylindrical coordinates. The heat equation in one-dimensional cylindrical coordinates is [10] : (1)
where r and k represent radius and thermal conductivity of material, respectively. In this simulation, the brain was modeled as a hemisphere of cerebral tissue with uniform thickness; the parameters used in the simulation are exhibited in Table 1 . By combining the Pennes heat equation and the one-dimensional spherical heat equation, the modified bio heat transfer equation becomes as follows Based on the above table, we acquire the value of q m (local metabolic heat generation rate) for the entire brain. We required local metabolic heat generation at a particular radius in the brain for the simulation process. The metabolism of a 1-mm area of the brain was approximately 125 W/m 2 . We could therefore calculate the local metabolic heat generation process for a particular radius of the brain. By using equation 3, we calculated the temperature changes at a particular radius of the brain. In order to counter the metabolic heat of the brain, we injected a particular amount of cooled water into the brain with the neural probe. The boundary conditions which were applied to the brain simulation process were a constant brain temperature of 37 °C at the outer layer of the brain, and a temperature of 10 °C at the position of the neural cooling probe.
3 Design and controlled fluid flow simulation in the neural cooling probe
The neural probe was a silicon tube which was bent in the center to form a U shape. The diameter of the tube was 3.5 mm and its length was 10 cm. Cooled water was channeled through the tube in order to produce a cooling effect. The tube was covered with rigid expanded polyurethane in order to prevent heat loss. The parabolic area of the tube was covered with carbon nanotubes to provide an excellent heat transfer rate and provide biocompatibility between the probe and the targeted brain area. By coating with carbon nanotubes, we reduced fibrosis around the neural cooling probe.
A micro pump was placed behind the tube in order to control the flow of the water from tube, as shown in Fig. 2 . The other end of the pump was connected to a squareshaped packet. The pack was used as a reservoir of water. The dimensions of the pack were 2 cm 2 cm. A Peltier sensor was placed on the pack in order to maintain the water temperature at a constant 10 °C.
For the simulation of the controlled fluid flow, we used the equation for the mass flow rate in a tube structure, as follows [11] :
where m represents the mass flow rate, represents the density of water, A and represents the flow area. The area was calculated using the formula for a parabola because the neural probe had a parabolic shape. The coefficients of the parabola are shown in Table 1 . The calculated area of the tube is 0.00016 m 2 . The density of the water is also constant, so by changing the velocity of the fluid, we could control the mass flow rate. 
In order to calculate energy dissipation from the electrode to the brain, we used the following formula[12]:
in which Q represents heat dissipation, represents the specific heat capacity, and symbolizes the change in temperature. Using equations 4 and 5, we calculated the energy dissipation from the neural probe when water was flowing through it at a particular velocity.
RESULT AND DISCUSSION
Two types of simulations were carried out in order to illustrate the effectiveness of the neural cooling probe: 1) when the probe was placed at the bottom surface of the brain, as shown in Fig. 3(a) ; 2) when the probe was placed 30 mm above the center of the brain, as shown in Fig. 3(b) .
When the neural cooling probe was placed at the bottom of the brain
In the first simulation, the temperature at the outer periphery(radius 83 mm) started at 37 °C. The temperature at the bottom(radius zero) of the brain was 10 °C because the neural cooling probe had caused the temperature to decline. Fig. 4 illustrates the changes in brain temperature when the neural probe was placed at the bottom of the brain(r = 0). The water was flowing through the probe at a velocity of 0.55 m/s. The amount of heat dissipated by the probe into the brain was about -10000 Joules. Fig. 4 shows that approximately 7 mm 2 area of the brain could be cooled below the 20 °C by placing the probe at the bottom of the brain. Table 2 illustrates the increases in the area of the brain effectively cooled by increasing the velocity of the fluid from the probe. This was due to the fact that an increase in the velocity of the mass flow rate caused a greater amount of heat dissipation in the brain.
2 When the neural cooling probe was placed at distance 30 from origin of the brain
In the second simulation, the temperature of the outer periphery and the bottom of the brain started at 37 °C. The temperature was 10 °C at the 30-mm radius due to the neural probe placement. . Previous methods use to reduce the temperature of the brain consume -13,000 joule energy to reduce the temperature of the brain such as G. Reynaldo et al. had done. The presented system is required 23 % less energy than the previous method. In this way, we could treat epilepsy at any part of the brain by placing the probe at a particular position in order to cool the brain below 20 °C.
CONCLUSION
This novel method may effectively treat epilepsy within any area of the brain. The shortcomings of the electrical stimulation method, such as the direct contact of the brain with an electrical circuit and the thermal effect of the electrical stimulus, could be overcome by the neural cooling probe. Despite its size, the Peltier chip-based cooling system could not produce a deep brain cooling effect, and its poor heat sink could be replaced by a neural cooling probe. The neural cooling probe system is relatively small(7 mm x 3.5 mm) and could produce cooling in the deep brain, which illustrates its superior effectiveness when compared with the Peltier chip-based cooling system. It utilized -10,000 Joules, which was 23 % less energy than that utilized by the focal cooling approach. Further studies are being conducted to determine the proper materials for heat insulation, as well as to reduce the size of the neural probe as much as possible.
